Abstract
Introduction
The remote inspection of ship hulls and marine structures has become a major concern to operators of vessels and ports, because of the vulnerability of such sites to relatively small mines or other devices placed to destroy or disrupt naval and commercial activities. Such sites are characterized by three major features:
The first three of these are considered critical to the mission concept, whereas the latter points (as well as some others) can be optimized through engineering and mission refinements. There are hence significant opportunities for innovation and technology development.
Some military vessels are in fact already using small, free-swimming ROV's for in-situ hull inspection.
The use of ROV's eliminates the safety hazard of diver work, but retains the disadvantages of uncertain navigation and human load. One of the first commercial hull inspection robots was the Imetrix Lamp Ray (Harris & Slate 1999) . Lamp Ray is a small ROV designed to crawl over the hull surface. The ROV is deployed from the vessel under inspection; the vehicle swims in and closes with the hull under human control, then holds itself in place using front-mounted thrusters for suction. The operator drives the ROV over the hull surface on wheels, while complex geometry around e.g. sonar domes, propeller shafts, etc.
is still generally inspected with a free-swimming ROV. A similar vehicle and method is reported by Carvalho et al. (2005) . The Cetus II AUV is a free-swimming autonomous system that has also conducted ship hull surveys (Trimble & Belcher 2002; Trimble 2003) . Using altimeters to maintain a constant relative distance from the hull, and the AquaMap long baseline navigation system (DesertStar, Inc.), Cetus II records globally-referenced position information, and this (with depth and bearing to the hull) is the primary navigation sensor used to ensure and assess full coverage. The AquaMap system uses a transponder net deployed in the vicinity of the ship being inspected; clearly, a long baseline acoustic system could be used for any vehicle. In some applications, however, an LBL system is impractical -these are the environments of extreme multipath, e.g., many hard surfaces, as one would find in a congested harbor, or high ambient noise. Additionally, sometimes an LBL system deployment is simply impossible due to time, cost, expertise, person-power, or other constraints. Although today's LBL systems can provide high accuracy at distances of up to ten kilometers or so in open water, they still require line of site communication, for which multiple deployments would be necessary to cover a given area having significant three-dimensional structures.
The vehicle program described in this paper has three unique aspects to address the needs of ship hull inspection: development of a small autonomous vehicle optimized for hovering, and of a hull-relative navigation procedure, wherein dependence on a traditional acoustic net navigation system is avoided in favor of Doppler velocimetry. The data product today is a high-resolution mosaic of the ship hull, using the DIDSON imaging sonar (University of Washington's Applied Physics Laboratory / Sound Metrics Corp.) as a nominal payload.
The hovering autonomous underwater vehicle (HAUV) shown in Figure 1 has been discussed in several earlier papers, including Damus et al. (2004) , and Vaganay et al. (2006) . The current paper describes the concept and design of the vehicle system, and offers several results of recent demonstrations. Only those control and navigation aspects which are unique to this vehicle are given in detail; fuller treatment of these topics is available from many sources, including for control Yoerger & Slotine (1991) , Marco & Healey (2001) , and Fossen (2002) ; and for Doppler-assisted navigation McPhail & Peabody (1998) and Kinsey & Whitcomb (2004) . With reference to these latter papers, it should be emphasized that the present approach does not employ an absolute reference frame, excepting depth and hull features. Thus the navigation problem is less focused on combining complementary data streams, but rather aims to maximize the utility of very few sensors, so as to achieve the mission. As will be indicated throughout the paper, the current system does not address complex surfaces, nor answer all questions about navigation accuracy or reacquisition.
Relative Navigation

Rationale and Concept
Several of the leading candidate systems for positioning in proximity to a hull in a harbor environment are considered first. For the large majority of underwater navigation applications to date, long-and short-baseline acoustic systems are the norm. In shallow harbor waters, however, even broadband protocols for long-baseline acoustic navigation can be susceptible to ambient noise, multipath, and lineof-sight problems. These issues exist because of clutter, other vessels and machinery, and low clearance underneath the hull in many berthing locations. Similar restrictions apply for short-baseline (and USBL) systems, although in this case only one primary line of sight path has to be maintained. Purely altimeterbased navigation in confined spaces provides absolute positioning, but is unrealistic for hull inspections in partially-open water, when only a few, or no other surfaces exist beyond that which is to be inspected.
Indeed, a ship hull has convex and concave portions and often rests near hard boundaries -this fact makes any method that relies on long transmission paths susceptible to corruption and poor 4 performance. This situation is not improved by the fact that in proximity to a large ferrous structure, magnetic compasses are unreliable. Only depth remains as a clean absolute measurement underwater.
A complementary paradigm is relative navigation, wherein one seeks to work primarily from the local environment, i.e., the surface near the vehicle. Relative approaches include vision-based servoing, which has been extremely successful in terrestrial and space applications, and to some extent in the deep-ocean. Unfortunately, vision techniques are sometimes impossible in opaque water at any reasonable distance from a hull. Wheel odometry, as employed by the Lamp Ray vehicle for example, is similarly a viable method for relative navigation, but contact with the hull is of course problematic if a mine or similar target is actually encountered.
A wheeled vehicle also lacks the freedom to move around the hull at various ranges and orientations, which can maximize imaging quality. Doppler velocimetry is similar to vision and rolling contact in the sense that what is provided is a measure of relative motion. The advantages of the Doppler approach are the ability to work over many ranges and without contacting the hull, no dependence on water quality, and the relative insensitivity to ambient acoustic noise because of the close proximity of the transducers to the hull. The Doppler velocimetry is especially well-suited to the large, featureless expanses of a hull, for which visual servoing could be poor. Like the other approaches, it does not provide an absolute position measurement, however.
The vehicle developed employs an RDI Workhorse Navigator DVL in an active pitching assembly to navigate relative to the hull. The pitching is actuated to an angle " = [-100,100] degrees from the horizontal, so as to keep the sensor nearly normal to the hull surface, at a nominal range of one meter.
Laboratory tests have confirmed that the manufacturer's drift specification of 0.5% of distance traveled is achieved under these conditions, and the cross-track drift is usually of a similar scale or better. These rates have been observed on a ship hull as well, with routine update rates of about seven Hertz during missions. The DVL is augmented by an Inertial Measurement Unit, and a shallow water depth sensor.
These are unaffected by the presence of large structures near the vehicle. The system employs a Sound
Metrics DIDSON imaging sonar as the primary inspection payload (Belcher, 1998; Belcher & Lynn, 2000) . As with the DVL, this sensor is actively pitched on the vehicle chassis so as to maintain an optimum field of view. For the DIDSON, this is in the range of 15-20 degrees from parallel to the hull.
The unit is operated in high frequency mode (1.8 MHz). Figure 2 indicates the usage of the DVL and 5 DIDSON to follow the curves of the hull. The DVL follows normal to the hull for navigation, while the DIDSON follows the hull at a shallow angle for optimum imaging.
The immediate impact of this package is the elimination of support gear for the robot itself; no localized network setup like LBL is needed. This reduces complexity and may provide a simple, quick deployment where the robot can operate unattended. As a second benefit, the proposed feature-relative control schemes will work whether the ship being inspected is fixed within a close berth (where LBL navigation could be very poor), anchored and moving slowly about its mooring, or moving freely at very low speed, e.g., adrift.
The key technical point to note about navigating relative to a fixed hull surface is that the vehicle is constrained absolutely in the DOF normal to the hull, but not tangentially. The use of DVL velocity measurements for positioning invokes a drift error over time. The impact of this drift is discussed further below.
HAUV Navigation Algorithms
The HAUV navigates either in open water or with respect to the hull. At the transition between openwater and hull-relative navigation, the coordinates of the vehicle are even undefined since the position switches from an earth-fixed to a hull-fixed reference frame. In fact, this transition is associated with the DVL being rotated from looking at the bottom to looking at the hull. Separate navigation algorithms are used in each case.
Open water navigation
During an open water navigation phase, the HAUV typically executes waypoints and therefore navigates by underwater dead reckoning phases and GPS updates on the surface. This is very much like the case of torpedo-shaped survey AUV's. A notable difference stems from the fact that the HAUV compass is surrounded by many thrusters, and their cables, that carry relatively large and rapidly varying currents.
The heading measurements are hence unreliable when the thrusters are spinning. In order to solve the problem, the compass in the vehicle is calibrated using a standard compass calibration procedure, with 6 all electrical systems powered up, but the thrusters stationary. The compass then provides reasonable heading measurements when the vehicle is floating on the surface with idle thrusters; this fits neatly with the collection of GPS fixes at the surface before running a waypoint leg. Thus the overall waypoint function is as follows: At the conclusion of a GPS collection period at the surface, the compass heading is recorded, and the IMU's accelerations are used to compute the vehicle's pitch and roll. This attitude is used to initialize a three-axis integration of the angular rates provided by the gyros in the IMU. When the thrusters begin spinning, the gyro-integrated heading is used instead of the compass heading. With a drift rate specification on the IMU of ten degrees per hour, this integrated heading is sufficient to navigate for the few minutes needed. For long distances, a waypoint can be broken down in a series of shorter waypoints to make sure that the vehicle remains close to the straight line joining the originating and ultimate locations. The distance of the transit is recorded with the DVL, which is downwardoriented for the waypoint behavior, and operating in a bottom-lock.
Hull-Relative Navigation
The vehicle's distance to the hull is calculated by computing the plane orientation defined by the coordinates of the points of intersection of the DVL beams with the hull, in the DVL frame. This plane is either obtained in a least-squares sense when the four valid range measurements are available, or directly if only three beams give valid returns. The vehicle's bearing to the hull, as well as the DVL pitch angle relative to the hull, are then calculated using the normal to the plane. With less than three returns the above parameters cannot be calculated. The vehicle bearing and the mean distance to the hull are used by the vehicle's flight control system to determine the surge velocity and the yaw rate commands, so as to maintain the desired standoff distance and a normal bearing, i.e., the vehicle is squarely facing the hull. The DVL pitch relative to the hull is servoed to zero, and hence the DVL stays normal to the hull through a full two hundred degrees of pitch.
Navigation algorithms also transform the beam velocities reported by the DVL, projecting them on the local hull surface, thus providing lateral (in the vehicle sway direction), DVL-vertical (in the vehicle heave direction when the DVL is pointing straight ahead), and in-line (toward the hull from the DVL) velocity components. To compute the vehicle's position relative to the hull, the navigation process uses several simple complementary filters:
! The estimated distance to the hull is calculated from the DVL beam ranges and the velocity component normal to the hull.
! Depth is estimated using the depth sensor and the vertical component of DVL velocity, when the hull is vertical.
! The position tangent along the hull in the vertical direction (see Extended Vertical Slice below)
is calculated by blending depth and the up/down hull velocity, for hull inclinations close to vertical. In areas where the hull is nearly horizontal, this position is simply calculated by integration of the tangent hull velocity from DVL.
! Relative bearing is obtained by blending the bearing estimate from the DVL ranges with the yaw rate measurements. This is used only if the hull is less than forty-five degrees from vertical, else the controller relies only on the integrated gyro.
The blending takes advantage of complementary measurements, and gives a simple means to correct for accumulations of errors in bearing and position, notably when the vehicle comes back to the side of the ship after moving all the way under the hull.
Two Survey Approaches Using "Slicing"
As noted, the DVL can be used to servo both orientation and distance to the hull, and to estimate the distance traveled, both with good accuracy. When coupled with an absolute depth measurement, then, two plausible inspection scenarios emerge for the majority of a large ship's surface: vertical and horizontal "slicing." For the purposes of this paper, the discussion is confined to the large, relatively smooth surface of the hull sides, bottom, and bow. As with other existing automated inspection methods, the stern area with propellers, rudders, shafting and bosses are difficult, and will be developed in future work.
In the case of horizontal slicing ( Figure A horizontal slice ends nominally when the DVL loses lock, e.g., at a sharp bow), if the distance traveled is greater than a preset threshold , or if some other terminating condition applies, such as a maximum pitch angle, or a threshold yaw rate. At a sharp bow, the vehicle reacquires the hull by retracing its last few seconds of motion, changes depth, resets the along-hull position integration and performs the next slice towards the stern. At the other end of the line, the vehicle changes depth and moves again toward the bow. The depth change is chosen so as to allow some overlap between the DIDSON data collected on successive passes to ensure full image coverage.
Considering this simple model, the along-track errors are bounded by the drift that can occur over one path length if moving aft, or at most two path lengths if moving forward. More broadly, defining the end of a track at a given depth is a sensing challenge to which there are several possible approaches.
First, there may be landmarks, such as weld lines, protuberances, or sharp edges as found near the bow or stern areas. These landmarks, especially if they occur at many depths, can be used to put real limits on the search area, and to re-zero the integrated velocity errors. Certainly prior knowledge of the ship's lines and these features can be incorporated into the mapping strategy at some level. On the other hand, operation in the complete absence of features is conceivable also: On a perfectly round structure, one may proceed at a given depth until the integrated velocity safely exceeds the circumference, then move to another depth. When an object of interest is detected in this case, the vehicle has to surface immediately, so as to register global position.
The horizontal slice method is very good for the sides and bow of a vessel. Many vessels, for example large crude carriers (LCC's), have flat bottoms, however, which must also be inspected. Here, in addition to the fact that the vehicle or the imaging sensor and DVL must be reoriented to look up, no 9 cross-track error control is available, since the depth is roughly constant. Long tracks parallel to the hull centerline would be subject to accrued errors on the order of several or many meters.
The vertical slice approach addresses this problem by making paths down the sides of the hull and then underneath, moving in a plane roughly normal to the hull centerline. Note the vertical slice occupies a vertical plane, but does not imply that the vehicle moves in a vertical path only, or that the surface is vertical; we consider a vertical slice to move all the way under the vessel and even up to the other side.
Once at or near the bottom centerline, options are to turn around and come back up on the same side, or to continue all the way under the hull to surface on the other side, after a 180-degree turn in place, based on rate gyro information only. In either case, the important property of the vertical slice is that the path length is limited, so that the cross-track errors are also limited, and overlap can be applied as necessary.
Landmarks or GPS data, however, would be preferred if available. Convex or concave, two-axis curvature of the hull also requires some overlap. In the extreme case of a spherical hull and the vertical slice survey, like ribbons around a ball the imaged path lines converge at the bottom. These cases will require further study and mission design at a high level.
The horizontal and vertical slice behaviors can be concatenated to form the familiar "lawn-mowing" pattern used in many survey missions, as shown below.
Overview of Controllers
Dynamically, the vehicle is equipped with high-performance thrusters so as to operate in shallow waters, waves, and in proximity to hulls. The primary sensor, the DVL, however, is a comparatively low bandwidth device, which cannot provide robust measurements for direct control -the noise properties may be unpredictable, timing may vary, and missed data are not uncommon. Furthermore, loss of contact with the hull can occur in regular operation, and even be exploited as a landmark. In waves, the depth sensor also fails as a high-bandwidth navigation sensor. As a consequence of these facts, the vehicle has to be capable of short-term autonomous navigation, through a capable inertial measurement unit, and an integrated low-level control system. The overall division of control can be stated as follows:
The low-level controller depends only on the core sensors of the IMU and depth sensor, while a midlevel layer incorporates the DVL, and a high-level controller manages the mission and desired pathlines.
This multi-level control system is of the inner-outer loop type, with the outer loops providing setpoints for higher-bandwidth inner loops. As in most cases of inner-outer design, the outer loop bandwidth has to be at least three to five times slower than the inner loop. Consider for example the case of yaw control relative to the hull. At the innermost level, a yaw rate servo runs at maximum update frequency and closed-loop bandwidth, employing a model-based estimator, i.e., a Kalman Filter for handling vehicle dynamics and IMU sensor channels that are coupled due to gravity. The yaw rate command is the output of a mid-level control that seeks to keep the hull-relative bearing equal to zero. Each control level is subject to the specifics of the sensors employed in terms of geometry, rate, and accuracy.
Turning to the control algorithms in place, below are described four distinct levels: sensor pitch, thruster-level, low-level, and mid-level. These are tuned incrementally and separately.
The objective of the sensor pitching control is to maintain normalcy between the DVL and the surface, and separately, the DIDSON and the surface to be imaged. These orientations are critical because the DVL suffers significant degradation of velocity and range data, as well as an increased miss rate, when the relative angle exceeds about thirty degrees from normal. Hence, moving under a curved hull requires the vehicle to rotate the DVL. The commanded pitch angle of the DVL is continually driven, with low gain, so as to achieve normal pitch orientation. A similar argument holds for the DIDSON, although in this case the angle is driven by image quality: most commonly, the DIDSON is used at a grazing angle of about 70-75 degrees from normal (or 15-20 degrees from tangential). On a non-curving or slightly curving hull it is possible to slave the DIDSON angle to the DVL angle, with good results. A simple self-aiming algorithm based on image brightness analysis is also used.
The thruster-level control is based on a static thruster mapping matrix. The working model is that some external process defines a desired force level in each of the vehicle's six DOF, and this command is transformed into thruster commands through a matrix multiplication. There are six DOF and eight thrusters, so an eight-by-six thruster mapping matrix is used. The specific values were tuned by hand, using visual feedback, with the aid of a geometry matrix pseudo-inverse. The steady-state decoupling rather than decoupling during acceleration formed the basis for the tuning -for hovering applications,
however, decoupling the accelerations should provide tighter control. This mapping is carried out on the vehicle at ten Hertz.
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The low-level control consists first of an integrated Kalman filter for dealing with depth and IMU measurements. In particular, this filter combines three rate gyros, three accelerations, and the depth measurement to give estimates of depth, depth rate, yaw rate, pitch and pitch rate, and roll and roll rate.
The structure is a complementary one, in which the projection of gravity onto the accelerometer axes serves to limit errors induced by integrating the rate gyros. The low-level control then uses these basic vehicle state estimates in decoupled, standard PID structures, to control depth, yaw rate, pitch, and roll.
The desired pitch and roll of the vehicle are always zero as currently operated. One interesting note is that the controller employs a negative proportional term in the roll control; this was needed because the natural roll period of about two seconds is too fast relative the time scale on which the thrusters can create force at low levels. The use of negative gain effectively reduces the net righting moment, slowing down the response frequency and hence accommodating the thrusters' limitations. Low-level gains were tuned separately by hand, and the loop operates at ten Hertz. A depth command smoother with explicit acceleration and rate limits is used.
The mid-level control incorporates the GPS, compass, and DVL data, the second of which, as noted, is generally more sporadic than the IMU and depth sensor, both in terms of the time increment between good hits and in terms of the error statistics. At present the vehicle employs six different schemes at the middle control level:
Waypoint. The objective of a waypoint leg is to take the vehicle to a desired position defined by its latitude and longitude. The inputs to the low-level control are the desired depth, and the desired heading rate, which is computed as a gain times the heading error. For the waypoint behavior, the mid-level control employs heading and the DVL (downward looking). Compass measurements are made with zero thrust, just before the vehicle dives, but en route, the heading is estimated by integrating the gyros.
Repeated surfacings for GPS hits are made to correct any drift.
Acquire. The objective here is to find a vertical surface, using the DVL range measurements. The DVL is rotated down approximately twenty degrees from horizontal and consider just the upper two beams, lying in a horizontal plane. The low-level servos control the vehicle to a given depth, and to a given yaw rate. Once two realistic ranges are obtained, the vehicle yaw is stopped. When another pair of realistic ranges is obtained, the vehicle incrementally moves in the direction to equalize the ranges. This incremental approach was superior to a more direct feedback scheme, because of the sparsity of good range data at DVL angles which are largely oblique to the hull when it is first acquired. Once the relative heading is within a given bound, the Acquire behavior is terminated. The acquire success at distances in the range 2-5m is better than ninety percent in field tests.
Approach. The objective is to approach the surface to a distance suitable for beginning a survey, while maintaining heading orientation via the incremental yawing approach. Because the DVL range data is significantly more robust when heading is locked in, a very simple feedback loop is employed: surge force command is a gain times the range error, subject to saturation. This behavior terminates when both the relative bearing and range are stable within given threshold levels.
At the conclusion of the approach, the DVL is rotated up so as to lock onto the hull with four beams.
During this rotation, the thrusters are explicitly zeroed.
Horizontal Slice. This behavior achieves a horizontal slice at a given depth. The low-level control is driven with desired depth, and with DVL-derived range and bearing errors. Range errors are transformed into surge thrust as in the Approach behavior; bearing errors drive the desired yaw rate also.
The incremental approach for yaw in the Acquire and Approach is replaced by a regular linear feedback.
Sway is actuated in the open-loop, i.e., a force command is given that is proportional to the desired speed. The behavior terminates when a specified position along the hull has been reached. The position along the hull is initialized at zero at the start of the survey and calculated by integration of the vehicle's velocity relative to the hull. The behavior has been tested up to forty-five degrees inclination on the hull.
Basic Vertical Slice. This behavior is used for up-down slices on a primarily vertical surface, say to forty-five degrees surface inclination. Here, the low-level control is driven with a desired depth, such that the smoother in the low-level control creates the actual real-time path. The sway force is null, and the surge and bearing commands are generated via feedback as in the Approach behavior. The lateral DVL velocity is integrated and a sway correction is applied. The behavior terminates when a neighborhood of the desired depth is reached. Here, the vertical projection of the along track error, e, is based on the projections of the open-loop part -the along track desired velocity U -and the closed-loop part, a gain G rz times the range error. The desired heave position for the low-level control is the integral of this signal, which is thus comprised of an integral of range error, and a desired position. The surge force command F u has a part related to error in the along-track dimension, (s-s des ), and another related to range error. This choice of terms is one of several possible but has the following advantages. First, it seamlessly employs the low-level control, by creating desired depth commands, and open-loop surge forces. Secondly, it achieves a natural distinction between the normal and tangential directions, with the along-track motion determined by feed-forward and feedback parts, whereas the range is controlled by feedback. As with the Basic Vertical Slice, sway actuation is based on a low-gain loop operating on the DVL lateral velocity; yaw is stabilized with a PI controller. An important note, however, is that because the range data give no bearing information for a horizontal hull surface, the rate gyro is the only reference, and its integral in particular should be zeroed.
These analyses have not considered compound hull curvature, which will deform the trajectories thus defined; the topic will require additional attention.
Physical Description of Vehicle
The HAUV weighs 82 kg and measures 98 x 71 x 38 cm. It is made up of the following components: Setting up the operator station and boat can be done in a matter of minutes. In the simplest case, the fiber tether can connect directly with a laptop.
Results
The basic concept of operation puts the vehicle within DVL range of a surface, such as a wall or hull, using transit behaviors and sensors, including compass, downward-looking DVL, and GPS. In the tests reported here, the vehicle is usually deployed within about five meters of the wall, and with arbitrary heading. After a short dive to operating depth, the hull is acquired with the DVL, and then approached so as to reach the specified range for the survey, as outlined in a previous section. Both steps are made with the DVL rotated so that only two of the four beams are employed -i.e., two beams in a horizontal plane. This minimizes the possibility that beams will either reflect from the water surface, or will be lost under the wall, for example due to hull curvature.
Coverage Demonstration on a Vertical Ship Hull
The vehicle was put through a specific mission demonstration in June 2005, on the USS Salem, a 215m
heavy cruiser docked at Quincy Harbor, Massachusetts. For this work, it was desired to show 100% coverage over a small area, and to achieve hull inclinations to thirty degrees. The runs (and their preparation) were made with the comings and goings of a high-speed ferry that docked and undocked from a pier approximately 25m from the side of the Salem. The area of the demo was bounded by a barge located approximately 40m from the hull, as well as numerous pilings. The bottom is muddy, approximately 2m below the keel during the demonstration, and visibility was estimated at 1-2 meters.
To ensure 100% coverage, divers affixed to the hull with magnets an array of nylon ropes and tennis balls. Although in preparatory testing it was sometimes possible to observe ping-pong balls, significant bio-fouling on the hull made them hard to see. In addition to the balls, several mine-like shapes provided by the US Navy were attached to the hull. The layout of these items, as well as the approximate DIDSON imaging footprint, is shown in Figure 3 .
The survey was performed from two initial starting conditions. First, the mission carried out a series of waypoints, separated by one-minute surface drifts to acquire GPS data, to navigate to a location about ten meters off the hull and at the longitudinal location corresponding with the rope array. Conclusion of the Acquire and Approach behaviors occurs at the point marking the beginning of the survey in Figure 3 .
The second starting condition, perhaps more realistic in operations, has the vehicle launched by hand, pointing at the hull. The vehicle drives in straight line until a few hits of range data are acquired; then the Acquire and Approach behaviors are implemented as described previously. The survey itself
consisted of approximately 25-meter horizontal slices, at seven depths. A careful review of the DIDSON imagery, of which one frame is shown in Figure 4 , confirmed that 100% coverage was achieved.
Vertical Slice under a Ship Hull
The Extended Vertical Slice behavior was tested under the USS Salem. In Figure 5 is shown multiple slices and a single separate slice to an inclination angle of eighty degrees. The vehicle trajectory is calculated by integrating the vehicle's relative velocity projected in an earth-fixed frame. The hull-form is created by projecting the DVL ranges at the DVL angle " DVL , from the vehicle's location in the earthfixed frame. As shown, the vehicle maintains constant distance from the hull, during both the descent and ascent. With the proper overlapping to control drift errors, this method is appropriate for covering the parallel mid-bodies of large vessels.
Survey under a Flat-Bottomed Vessel
Surveys under the Acoustic Explorer were performed, as part of the ONR/PMS-EOD/SPAWAR SCSD HULSFest demonstration. The vessel has a nearly flat bottom, requiring the exclusive use of the DVL for mid-level control. The DIDSON self-aimer was employed for lawnmower-style survey lines totaling about 70 meters traveled in six minutes. The DIDSON images were reviewed, and about ten zincs were identified with frame number and DIDSON-referenced range and bearing. Figure 6 shows projections of the vehicle trajectory, with the identified zincs overlaid in the image showing the horizontal plane.
Rough outlines of cooling tubes on the bottom of the hull are given for reference; these were also obtained from the DIDSON imagery. The positions of the zincs reported in successive passes are in agreement to better than one-half meter; this is a result of the good performance of the DVL and rate gyros that allow us to accurately dead-reckon over this time scale. Figure Figure 8 shows a simple photo-mosaic created directly from the navigation data, i.e., with no image processing whatsoever, and hence indicating again the quality of the navigation using the DVL. This photo-mosaic can be made at real-time rates, given a direct stream of images.
Statistics for the HULSFest demonstration are as follows below. The runs were made in the presence of a strong current toward the stern. This combined with an unavoidable loss of hull navigation while going around the sharp corner from the side to the bottom of the vessel. In future work, currents will be measured with the DVL, and then position errors approximately corrected, or a lock to the hull or the seafloor will be maintained through the transition itself.
• Hull bottom coverage rate: 14 m 2 / min = 150 ft 2 / min @ 2:1 overlap.
• Data download rate: 1.8GB in 60 minutes, all navigation and DIDSON imagery.
• 21 Feb 2006: 2.5-hour window; total running time: 68 minutes; five dives completed; four dives aborted due to drift into running gear; two aborted due to operator error; one aborted on startup.
• 22 Feb 2006: 2.5-hour window; total running time: 58 minutes; six dives completed; six aborted due to drift into running gear; one aborted during approach/acquire to hull.
Submarine Survey
In April 2006, a short survey was performed on a 64-meter Sauro-class Italian Navy submarine, at La Spezia, Italy. The mission consisted entirely of horizontal survey lines at depths of [1.5, 2.2, 2.9, 3.5] meters, with the DIDSON pointed both down and then up so as to cover the hull from the water surface to the keel, on the port side. The run successfully identified and located a limpet mine shape on the keel, 21 meters aft of the bow. Figure 9 shows a three-dimensional representation of the vehicle motion along the submarine hull.
Discussion and Conclusion
From tests to date, a rough estimate of the ultimate mission duration is possible. The horizontal velocity of the prototype vehicle is about 0.25m/s, and at a one-meter standoff from the hull, a field of view of approximately two meters range is available, so an estimate of one meter imaged per slice allows for 2:1 overlap. Thus the effective imaging rate is 0.25m 2 /s. The battery capability is 2.5 hours running surveys, and the total imaged area is then about 2250m 2 . The hull area of a typical monohull vessel can be approximated as Area ~ Length * (Beam + 2 * Draft);
it is easily seen that the imaged area of one mission represents only 10-20% of a very large vessel. On the other hand, if the deployments are carried out quickly, the hull can be imaged in one day by this vehicle. The above prototype scenario is idealized and does not take into account several practical considerations. First, the DIDSON imagery (and any imagery for that matter) can create a data bottleneck unless means for real-time data transfer are implemented. At the same time, computer-aided detection and classification schemes are not used exclusively today: it is still preferred to have a human operator reviewing the images. It is also desirable to have a supervisory controller, wherein features of interest can be inspected more closely, and then the vehicle continues with its survey. All of these factors can be supported by the real-time, high-bandwidth data link.
The limitations of relative navigation as described previously also have to be considered. Horizontal slices on a vertical or steeply inclined surface have the advantage that cross-track errors are limited because depth is an absolute measurement. Along-track errors accrue at the rate of about 0.5% of distance traveled, but landmarks of many types can be employed. These include features that are detected by the DIDSON or by the four ranges of the DVL, and include protrusions, holes, keels and fins, and large weld beads. Curvatures as reported by the yaw rate gyro or DVL pitch, as the vehicle maneuvers around the vessel, can also be used as landmarks. Needless to say, a priori knowledge of such features can be used to help design missions.
The area under the hull poses a different set of problems because for a flat bottom, depth no longer indicates path-following errors. All navigation must be inferred from other sensors: namely the DVL and the IMU. There is the question of controlling the motions so as to move along the hull smoothly, and the separate question of drift. Following on the prior discussion, to eliminate drift entirely, one clear choice is to deploy an augmenting long-baseline system, as has been the norm in operations of CETUS II. In fact, only one transponder is needed by the HAUV if it is desired only to control cross-track error.
As noted above, long-baseline positioning may be poorly suited to waters directly under a ship hull, especially with low clearance. Another approach is to make periodic surface visits to acquire GPS data.
The GPS is seriously degraded near ship hull waterlines, however, and the vehicle would have to move at least 15-20 meters away from a large vessel for such correction. Many of these excursions from the survey would significantly affect the mission duration. As a third possibility, one can consider imaging overlap, the idea being that if the cross-track drift is upper bounded, and this bound is less than the image width, it will be possible to cover all points, albeit slowly. By way of illustration, let us consider a vertical slice that proceeds down one vertical wall, travels underneath the vessel to a midpoint, turns around, and returns to the surface. When the vehicle has no bearing data under the hull, the integrated rate gyro has to be controlled to zero. Neglecting yaw errors in the short term, the expected cross-track drift of such a maneuver is about 0.005 * 2 * [Draft + ½ * Beam], or about 0.2 meters for a twenty-meter beam and ten-meter draft. This compares reasonably with the image width of about one meter. If reduced image resolution and a larger range are acceptable, then the imaging field of view can be increased significantly and image overlaps will confidently cover the navigation errors. A fourth scheme -the subject of continuing work in the area -involves landmarks on the bottom of the hull, and a simultaneous mapping and localization approach (Leonard & Feder, 2001 moves from near the bow at shallow depth, to the stern and then back, at increasing depths.
